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Beam Energy Scan |
(2010-2011, and 2014)
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Exploring the Phase Diagram of QCD Matter*ﬁw

ey

<

— What Yvas known prior tg the RHIF Beam EnergY Scan Program? Chemical | Pred.
1) High Energy Heavy-ion Collisions =» partonic matter Energy | Potential | Temp.
2) Highest energies =» transition is a cross over (GeV) 0 (MeV)

. . . .y B

3) At ms:reased L, there might b.e.a flrst?order phase transition LHC 2760.0 7 166.0

4) And if so, there should be a critical point RHIC 2000 24 165.9

c RHIC 130.0 36 165.8

E Quark-Gluon Plasma RHIC 62.4 73 165.3

% BES program searches for: RHIC 39.0 112 164.2

* Turn-off of QGP signatures RHIC 27.00 156 162.6

* First order phase transition RRIC 19.6] 206 160.0

« Critical point SPS 17.3] 229 158.6

RHIC 14.5| 262 156.2

2010: 62.4,39,11.5,7.7 iﬁ’jc ﬁ: ;iz Eié

2011: 19.6, 27 GeV Sps 28 383 1444

2014: 14.5 GeV RHIC 77 422 | 1396

SPS 7.7 422 139.6

SPS 6.4 476 131.7

AGS 4.7/ 573 114.6

AGS 4.3 602 108.8

AGS 3.8 638 100.6

AGS 3.3 686 88.9

AGS 2.7 752 70.4

SIS 2.3] 799 55.8
-
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Setting the Scene

250
Using a statistical equilibrium model and the H (a) qlih
measured particle yields (x, K, p, A, Z, ¢, Q), one = e i
: : : @ 200 .5-5--'.— b—
can estimate the location in the phase diagram. = i BES | lg =20 — 400 MeV |
g s I ; s M ey ieilibee | |l
N;‘/V = 'YSI[ (.f .[)/-FU”KEE"H-&—— -I---#—ll-—-l--l--!--l--l--a-——!—l!—-‘ I
315 g Bi—usS: P AL AR 8 JRERHIE
TP T exp (Boafiomss ) o bl B
S I A T
19.6 145 116 91 7.7 o D B E St e ey e m —drtp HHH— F
' | y ' S = tit |ISTARPlelimihary | ¢ 1Y B D
5 GeV o el et |
T [MeV] Fodor-Katz: JHEP 0404 (2004) 050 EL 50 LH_! F[ - TTEETIﬁ'f"ff_TI_I i
1800 | 1 = Mumbai group: ] o Pl abarbnk ek b PSRN
170F T.=154(9) PoS LATTICE2013 (2013)202 . s ff;ﬂﬁﬁ,ﬁ:ﬂf:ﬁ :j;;;;é.iii i
160: |.$.||_E_+:§ I:l||| | i ||||||| i i |||;;||
13 10 100 1000
150 . °§ Chemical Potential p; (MeV)

140

LQCD: Te(Hg)
130" & Lqcb: c:it. pt. (F-K,2004) Some Lattice Gauge Theory

2! LQCD: crit. pt. (D-G-G,2013) predictions suggest that the
= freeze-out g [MeV] low end of the BES-I scan one

e sy et may find the critical point
0 50 100 150 200 250 300 350 400

17T T T 1

/
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Disappearance of QGP Signatures - R,

- T T LI III| T T LI III| T T
* R for hadrons and oL wemscuem  movovwa
for identified particles a ey a8 S - 2eoas ] o :EPT;E :e‘n.l'-"c
5 i O & PHENX (0% e ] * = I
can provide a measure 150 R, ’:.:i::;;:.: A e e
of partonic energy loss I SPSI T o ) : 1;: y
in the medium. & T‘ P OALEER) sow-n-meei] v a7
- ) _ w39 I
L ;‘Jl}ﬂ /LH’C a
° 1 i _,_ ]
Clear e\{ldence of 05 ! /ii Ei :
suppression at the e j =
higher COIISionS 0: 1 1 | 1 ;|||| 1 |- Lol 1 : :.{%
energies 1 2 34 ‘IS (égwc) 100 200 _g
T ' o
— B
* No evidence of h|gh STAR Preliminary s 7.7GeV E ol
. statistical errors only = 11.5GeV =T
p; suppression below —10|— + 14.5GeV "bzg
2 F T 19.6GeV £
14.5 GeV =» necessary, S I ++ + v 2706y
but not suffiicient = PReres " ey
:::‘ ‘I .-.-I- e - 1
. S /e __
Other QGP Signatures: 0 MM :
*Elliptic flow of phi meson = Ty : ﬂ:+++ """""""" l . s
. (O
*Balance Functions ot i %
. . . N r|= o B i 1y '
*v,of particles and anti-particles =t + _STAA Preliminary
. . | I ‘ | | | I ‘ I | | | I | ‘ I | | | I | ‘ I | | L1l | |
Ch_lral Magnet_lc effECt 0 2 3 4pT(GEéV.’C)6 7 8 9 10 0 B0 100150 200 250 300 350 400
*Third harmonic of flow N
Daniel Cebra 34th Reimei Workshop .
08/August/2016 Slide 5 of 31

J-PARC, Tokai, Japan



Chiral Phase Transition

R. Rapp, private communication,
R. Rapp Adv. Nucl. Phys. 25,1 (2000)

Low Mass Region:

Black lines are the Cocktail
(excluding the p meson)

Grey lines are in medium

calculations from R. Rapp which

include both HG and QGP

components (including medium

Low Mass Region:
Emission depends on T,
total baryon density,

broadened p meson). Model is and lifetime
PLB 75(1(2015) 64 able to match the data
10! | +Mmiedium | - -
196 GeV|| _ cocktail 39 GeV 62.4 GeV 200 GeV
- e data
o 10° i ]
?; 5 TAR Praliminary | STAR Pralfminary { STAR Preliminary
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Search for 1%t Order Phase Transition — v, ﬁl_

v, Slope Parameter dv,/dyl _,

150 I I—I oo.;xiste;::\e T - 1
_ S [:,fp,I]:u 10-40% Centrality _ o * First order
-
s | e phase
= ) | _
Emn_— critical . 0.02 +/+,/+/ transition is
5 Pn ._+/ a) antiproton| characterized
2 oof 1 004 P by unstable
m | - .
e 7 0 ] = coexistence
7 C T 1 ¢ region. This
oy L—3 " L L = 1 0.01 \ PRL, 112 (2014) 162301 spinodal
Compression p/p, > \ s . .
oU S 0 \\ region will
ﬂ : U’T: D: ]SOThErma|5p'|noda| > --------------------------------------------- ;::-::_--_::.—-:-:'i-.— have the
aN v.=0: isentropic spinodal © \Q ’.f" ‘+ ] softest
S — | * ‘ " ¢) net proton| Equation of
0.02 |- - State
o + \ A | .
oor ] \\ /( * v isa
S N A N V. I i . :
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% e ¥ UrQMD | - of early
0 | #,a' — I I .
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0.01 g s i ion:
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Search for the Critical Point — kG2 i&\_

A scenariO' STAR results show a fall and rise of the
Negative critical fluctuation variable
kurtosis pOil’lt
 http://arxiv.org/abs/1503.02558v2
t 19 —h ' i
~ 4 = -
Y 1 o : o 0-5% --- 0-5% Poigson
/- ~ 2 | 510 5-10% Poissen
. N L] i
Positive /«/3_— 1l = 70-80% --- T0-B0% Poisson 7]
H  wwrosi o STAR Preliminary 2ossuavo
M. Stephanov NE 2 : 1
) Negative L ;
™ kurtosis —— 1} ]
777777777 eline 0 : _ | _
7 10 20 30 40 100 200
S Other Results: —
1'1 1'9 Particle Ratio fluctuations \ Sy (GEV)
Higher moments of pions and kaons
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BES Phase | — What have We Learned i@_

* The BES at RHIC spans a range of u; that could contain features of the QCD
phase diagram.

* Signatures consistent with a parton dominated regime either disappear, lose
significance, or lose sufficient reach at the low energy region of the scan.

* Dilepton mass spectra show a broadening consistent with models including
hadron gas and quark-gluon plasma components

*There are indicators pointing towards a softening of the equation of state which|
can be interpreted as evidence for a first order phase transition.

* The higher moment fluctuation is sensitive to critical phenomena, but these
analyses place stringent demands on the statistics.

* Open questions: Lambda polarization and Chiral Magnetic effects
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The Spinning Plasma — Lambda Polarizations

g 4 A resohtnn comrecied
« Lambdas reveal their polarization & & Y Kisokonooreced
through decay topology 6 —
. . STAR
* Polarization expected through “vortical 41— preliminary
alignment with the event angular i 1
g 8 - [ Pyortical = T(R\ + R‘_i)
momentum vector N 12
0 U P = (P Py)
* Polarization expected magnetic - VAN
alignment with the event magnetic field 10 10’ p——
- I ] E,Illissll,lﬂ'f - |
g & — " ] ., This. study
. . P, PRCTS (24815 (2007)
* These effects can be disentangled =2 Ar P, PRGOS G4’ (o
looking at Lambdas and anti-Lambdas c o At A 20-50%
4 -
1) STAR
=» Two weeks of Au+Au at 27 GeV , L T g T 0 preliminary
approved for 2018 L2 L
0 k= I = —
=>» Goal is a definative measurement of 2
the magnetic alignment effect b N
10 10
|5y, (GEV)
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Chiral Magnetic Effect

Three Effects:

1. Chiral Magnetic Effect
2. Chiral Magnetic Wave
3. Chiral Vortical Effect

charge separation

V)

Chiral anomaly

creates differences
in the number of left

handed and right
handed quarks.
Leads to charge

separation along the
magnetic field lines

STAR Phys Rev Lett 113 (2014) 52302

10— (f[»’ 2.76 TeV Pb+Pb T+ & 200 GeV AU+AU .
I N |

’» @ 5} P W) @ ot P Y

0 g R-8e . 2_@_@_99_
o Foog ke * L ]
10 (@ | ¥ )
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s -+ L""'a :
o— —e——o—?—_@—@e—— - =2 TG e

. A
5 {' ¥ ,,,r (€) L FoF (d) |
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10~ —+ O .
vo, (e) _ ()
RN = D TP g- '0-._

0 T k- ﬁ—--wﬁ * * W
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w0 1 $ -
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Chiral Magnetic Wave

Confirmed in Data

STAR, Phys. Rev. Lett. 114 (2015) 252302

Predicted Effect

2 M[aviauz00Gov sodove | R [T T s
< [ 015<p <05GeVic T | T
[ _ — 01, . —
3.3_* +TT .TC"' {}* ?N : ./%/
L B L .
e g ¢ = o ¥
3'2,_ & é @ i I % o ’
¢ ] ¥
:(a) | | I ’ | 70'1;| ) | | I (b\);
%0 0 005 004 -002 0 002 004
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— r 1 r r ° 1
¥ 5- _ —
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: i
o | i
a % i - i T
- i } .
4,_71\-7L 0 == i == -{- ------------------------------------ —
0 T ’ I
. § ; . l ]
Collective effect forming.an electric quadrupole I ° K015<p<iGeVic |
Observed in the elliptic flow of pions and kaons A mO0.15<p <1GeVic |
— — B v . .
AVQ — VQ(?T ) _ VZ(ﬂ--F) — r A:I: N m0.15<p < 0.5 GeV/c
s |y | ! |
A, = N—N- 0 20 40 60 80
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STAR

Tests of Chiral Magnet Effects with Isobar Ru ] L

i 27N

Calculations: X.-G. Huang and W.-T. Deng

-
1%

e

m |  geTmEE=S

> [

o

y 10—

2 1O

Q
-.-E“u |Syn = 200 GeV
5 5

o — Ru+Ru

i —Zr+Zr
% =20 a0 60 80 100

—M=R
% Most central *Large uncertainties in interpretation exist: Current
Use parameterization to convert CME measurements could be entirely from

. background
CME calculation for Ru and Zr J
into expected signal There remain analyses to be done that are likely to
provide some help in clarifying the relevance of CME
dashed: Woods-Saxon case 1 . .
solid: Woods-Saxon case 2 but, none so far have proven to be decisive

« = seven weeks of isobars approved for 2018
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Studying the Phase
Diagram of QCD
Matter at RHIC

A STAR white paper summarizing
the current understanding and
describing future plans

01 June 2014

Daniel Cebra
08/August/2016

Beam Energy Scan li
(2019-2020)

Select the most important energy range
=> 5t0 20 GeV

Improve significance
=>» Long runs, higher luminosity

Refine the signals
=>» Detector improvements
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Fixed Target _ _ Fixed Target . -
Lighter ion CP = Critical Point
collisions
Daniel Cebra

34th Reimei Workshop

08/August/2016

Comparison of Facilities STAL
Facilty RHIC BESII || SPS NICA SI1S-100 J-PARC HI
Exp.: STAR NA61 MPD CBM JHITS
+FXT + FXT
Start: 2019-20 2009 2020 2022 2025
2017
Energy: | [7.7-19.6 ||4.9-17.3|/2.7-11 | 2.7-82 | 2.0-6.2
Vsyy (GeV)| | 3.0-7.7 2.0-3.5
Rate: 100 HZ 100 HZ || <10 kHz <10 MHZ || 100 MHZ
At 8 GeV 2000 Hz
Physics: | | CP&OD CP&OD || OD&DHM || OD&DHM || OD&DHM
Collider Fixed Target Collider Fixed Target Fixed Target

OD = Onset of Deconfinement
DHM = Dense Hadronic Matter

)

J-PARC, Tokai, Japan
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Low Energy Electron Cooling at RHIC

:; Taxinoreasen Log| |+ 3x incorease in L. T e Start with 14.5 and 19,6
Improve I
luminosity for > l
2 .
low energy * Following year, 7.7, 9.1,
beams with E o} fand 11.5.4X .
& improvement with
electron z eprs2 | | eCooling
cooling E WBES |
=1 I *Run 24 weeks
< 6 8 10 12 14 16 18 20
i center-of-mass energy Vs, [GeV]
! iagnostic Test Line Py :
! DBengir:e 704MHz 9 MHz t 2.1 GHz Bé’;’j:f,' DC P - ey N
: Cu Cavity Cu Cavity l Cu Cavity e'Gn o ' DC Electron GU%
j COOLING \ e’ ' P -7

Lt e v S ORI - T~ L)

\

{% in'rellowlRHIC ring w/‘-_ "l l <— 3,4 | r. & 2 é‘%}

LEReC Solenoids

Compensating (LF)

I Matching (HF)

180° 20° Beam
Bending Bending Dump . Merger/Transport
Magnet Magnets
, fromERL
* NOT to scale
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BES Phase Il Proposal oLz

BES Phase Il is planned for two 24 cryo-week runs in 2019 and 2020

Lg (MeV) 370 315 250

BES | (MEvts) 43 - 117 24 36
Rate(MEvts/day) 0.25 1.7 2.4 45
BES | £ (1x10%/cm2sec) 0.13 1.5 2.1 4.0
BES Il (MEvts) 100 160 230 300 400

eCooling (Factor) 4 4 4 3 3 Revi
evised
Beam Time (weeks) 12 9.5 50 55 4.5 estimates

Daniel Cebra 34t Reimei Workshop .
08/August/2016 J-PARC, Tokai, Japan Slide 17 of 31



Reduction in Errors with Improved Statistics < g7
L]
= 0- 80 Vo Au+Au CD"ISIDHS at HHIC |
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) ; WEEELT
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0.5115225335445 05115225335445 051152253354 45 Transverse Momentum p./n, (GeVic)
P Eevc) P (GeWc) P, |Gevic)
' ' T
net proton
Au + Au Collisions at RHIC 0.01- 1 as — 628 576 608 772  dNyl,
JF-E}_ : 1 e — Ny al BES-Il extrapolation
- e R N o \ - - . = mdel expectation at BES
‘“& * + t > [ P ~ 35} ‘-.“' & data
' = F 3 LS
coaf | | ] 4 © s Z
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& 0-5% O ToEDW E o
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I e oy # @ 15
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The STAR Upgrades and BES Phase |l

upgrade

ndcap
/ vent /lane etector

EPD Upgrade:
* Improves trigger

* Reduces background
* Allows a better and
independent reaction
plane measurement
critical to BES physics

iTPC Upgrade:
e Rebuilds the inner
sectors of the TPC

EndCap TOF Upgrade
.  Rapidity coverage is critical
* Continuous Coverage ||« p|p at forward rapidity

* Improves dE/dx * Improves the fixed target
* Extends 1 coverage program _

from1.0to 1.5
* Lowers p; cut-in from
125 MeV/c to 60 MeV/c

Daniel Cebra
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Fixed-Target Program 3.0 to 7.7 GeV i“\i_l‘

The Fixed-Target Program
will extend the reach of
the RHIC BES to higher ;.

Goals:
Search for evidence of
the first entrance into
the mixed phase
Control
measurements for BES
collider program
searches for Onset of
Deconfinement
Control
measurements for
Critical Point searches

Daniel Cebra
08/August/2016

)
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3
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o
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Q
5
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LHC 2.76 TeV
O-Gev

RHIC 20

Quark-Gluon
Plasma

Baryon Chemical Potential p;
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Target Design 2014 and 2015

Target design:
Gold foil Q
1 mm Thick (4%)
1 cm High
210 cm from IR

TA R

2014 Parasitic tests (two weeks):
~5000 central Au+Au events
2015 Direct beam tests (few hours):
1.3 Million central Au+Au
3.4 Million central Al+Au

Daniel Cebra 34t Reimei Workshop .
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Run 14 and 15 Setup

” I STAR Fixed-Target Run14 Set-up '
s e

radius Al
Beam
Pipe

Fixed target
atz=2.1m

~~~~~~~~~ BBC-West
- —
————————— 1 a
T
; : ) . ﬁellow
2014: = 1 — Beam
eam Pipe | / m Pi
3.9 GeV Au+Au | Be BeanmiPioe i (il
2015:
4.5 GeV Au+Au , g ke
4.9 GeV Al+Au HIEEEEEEENEIE
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What do the iTPC and eTOF do for Fixed Target?

Allows the FXT program to reach 7.7 GeV!
2 4
|

3.5

n=1.47

n=2.24
n=2.24

0.75

0.5

0.25

2.5
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Verification of Acceptance Maps STA

Fixed Target Pion Acceptance Limits FXT Proton Acceptance Limits
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Energy Loss in TPC Zoomed In S A
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Physics Goals of the FXT Program

The Onset of Deconfinement:

*High p; suppression

*Nq scaling of Elliptic Flow

*LPV through three particle correlators (CME)
*Balance Functions

*Strangeness Enhancement

Compressibility = First Order Phase Transition
*Directed flow

*Tilt angle of the HBT source

*The Volume of the HBT source

*The width of the pion rapidity distributions (Dale)
*The zero crossing of the elliptic flow (~6 AGeV)
*Volume measures from Coulomb Potential

Criticality: )
*Higher moments No
*Particle Ratio Fluctuations | measurements in
Chirality: this energy range
*Dilepton studies
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Conclusions i&\_

* BES Phase | told us the regions of interest

* Collider upgrades improve luminosity
* Detector upgrades extend physics reach
* Fixed-target program will extend reach of BES program

The focused and improved studies of BES Phase Il will
allow us to define the energy of the onset of
deconfinement and allow us to characterize the phases
and transitions of QCD matter.
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Chiral Vortical Effect
Chiral Magnetic Effect vs Chiral Vortical Effect

Chirality Imbalance (u,)

Magnetic Field (o p,) .~ . Fluid Vorticity (o pg)
L A - Hhhxhh"“n‘ L
Electric Charge (3.) Baryon Number ()

D. Kharzeev, D. T. Son, PRL 106 (2011) 062301

(cos(o, +op — 2WRp))

correlate A—p to search for the Chiral Vortical Effect
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Perfect energy range to
map out the
production of 3,H and
4 H

A

Previously only
measured at two
energies

Dynamic range will
exclude searches for

10

Yield (dN/dy) for 10° events
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